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A ROSETTE:STRAIN COMPUTER

By W. B, Klemperer
SUMHMARY

An electrical apparatus that serves as a computer for
the evaluation of linear strain measurements taken in ro-

sette fashion on the surface of a structural element carry- B

ing tension or compression and shear is described hereln.
The solution of the strain circle is accomplished by cou-
pled rotary transformers, one representing each of the ro-
sette gages. The output of the instrument furnlishes d4il-
rectly the maximum shear and the orientation of the prfin-
clpal strain axes with respect to the rodette axes as well
as the shear component with respect to any desired axis.
The machine affords great time saving over trigonometric
or graphlcal evalugtion methods.

INTRODUCTION -

Dxperimental exploration of the stress flow through
stress—carrying thin-wall structures 1s becoming incroas-
ingly helpful in developing and proving the stress analv-_
sigs of metal airplanss for whickh accurate understanding
of stress digtribution 1s a prerequisite for safe and ef-
ficient dosign. On the surface of any monolithic struct’
tural element, the strain tensor is fully described Ey the
strain circle (reference 1) or by the magnitude and orien-
tatlon of the two principal strains. In order to deter~
mine the straln state experimentally, it is necessary and
sufficient to measure the linear strain in thres differ-
ent directlions on the surface element.

The conventional technique consists in the applica-
tion of three linsar strain gages as closely packed as

feasible (reference 2), in the use of an equilateral tri;_“:

angular lattlce of strain gages, or strain-gage holes
(reference 3), or in the uso of a single instrumont de-
slgned to mensure the distortion of a base triang19 (ref-
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erencoc 4). Recent developments of reliable, compact, slm-
ple, and inexpensive electrical-resistance straln gages
(referonces 5 to 7) and improvements in indicators and roc-
corders of consistent amplification (roference 8) havo ox-
tended the application of large numbers of strain gages in
inaccessible places on structures subjectsd to elaborats
toste, so that the structural engineer need no longor com-
plain about "too little and too late." Eundreds of dolta
triplots of "band-aid" type of resistors are now readlly
cemonted along spar webs, gussots, bulkheads, skins, and
other shoet-metal plate, shell, or framc structures.

~ In ordeﬁ-to.exploit the abundance of experimental data
now within easy grasp, need arose for a.quick method of
evaluating the strain-gage measurements 1In terms of shear
flow, that 18, a method of determining the 'direction and
magnitude of maximum and minimum strain or the amount of
shear with respect to any particular axis. - Various methk-
ods have been proposed to facilitate thilis evaluation for
both the 0°:245°9-900.135°% type of rosette (references 9 to
11) and the 0°-60°-120° "delta" type of array (references
1, 4, 13, and 14). All these methods, however, which aro
based on a trigonometric routine (referonces 4 and 12), on
a graphical construction (refercnceg 1 and 9), or c¢an the
manipulation of a mochanical nomogram device, are tedious
and exacting. They require at least about B minutes per
gage station and load station. When there are several
hundred gage stations. and half a dozen load stations in
sny one teet, several hundred mpn-hours.of_engineering
labor are tied up. . | o ’

In order to simplify the evaluation gso that 1t would
no longer absord the time of mathematically tralned per-
sonnel, A rosette strain computer hae been developed by
the Engineering Research Department of the Douglas Air-
craft Company, Ine. This machine was designed to solve
the strain prodblem as a computér which derives the orien-
tation of the principal axes and the maximum shear or the
shear component in any desired direction from the measurocd
values of strais components. The machine is portable and
ean. be ‘operated by a person with nontechnical training im
a fraction of the time required by any longhand method.

. The author wishes to acknowledge the valuable contri-
butions of Zverett H, Pler for the electrical system,
Darrow L. Filler for the meckanical arrangement, Scott
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Neuls and Robert D. Gordon for the technique of applying
the apparatus to actual problems.

DESCRIPTION OF THE GCOMPUTER

Several physical principles that have characteristicg
analogous to those involved in the straln circle might be
spplied to the construction of such a computer. Because
of the nature of the strain cycle, it can DPe represented
by a vector 1in a polar fleld in which the phase angle is
twice the straln orientation angle measured from a princi-
pnl axis. An audio-frequency alternating-current magnotic
field was chosen as the vector representing the shear com-
ponent in the double-angle polar field because the appara-

. tus is easy to procure. The apparatus has analogles to .
the Scott connectlon of a two-phase-three-phase transformer, . _

The machline consists of a plurality of robtary trans-
formers, one for each of the strain gages coacting in one
rosette. ZBach rotary transformer 1is designed to generate
en alternatlng voltage proportional to the input into its
stator and to the sine of the angle of rotation of its
rotor. Such a rotary transformer hasg bheen designated a
Wginometer." . -

When this work was begun, no suitable small-size
single-phase rotary trensformers of accurately sinusoidal

characteristic were on the market. They are now being de- o

veloped; as soon as they sre available, a much more com-
pact machine can be made than the two types which have

thus far been applled ta practicel service. In one modefL

Pioncer Autosyns and in the othor General Electric Selsyns
model 2JD123A1 were used as sinometers by counnecting oaly
one of tho two or thres rotor coils. In the first model
a 400-cycle electronic oscillator supplied power; in the
second model, power was taken from the 110-volt 60-~cycle
utility systen.

Whatever type of electricsal device is usged as a
ginometer in the computer, sever~l such sinometers are
stacked on a common shaft or geared together with fixed
phase differences between their respective rotors and
stators corresponding to twice the angles between the ori-
entation of the individual strain gages which they rep-
resent. In the case of a 0°-60°-120° delta array of

gages, three sinometers mare so coupled that the second and
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third rotors make angles of 120° and 240° with their re-
.spective stator axis when the first one is alined with

its own stator. Conversely, in a machine designed to solve
the results of & 0°-45°-90°-135% array quadruplot of
gages, four sinometers are coupled with thelr respective
rotors phase-shifted to 0°-90°-180%-270°. All rotors are
connected in series; whereas all stator terminals ere
brought—out individually. Bach sinometer is l1lndividually
shielded to prevent its field from influencing the others
around it.

Each stator is provided with a potentiometer or Variac
input control and polarity switch to adjust the input cer-
rent from a constant-voltage alternating-current source to
the straln value mecasured by the strain gage which it reop-
rosonts. A common alternating-current voltmeter with =
circult sclector switch serves to indicate each stator cur-
rent while it is being adjusted and also to read the syn-
thetlc rotor output whon the sclector switch ie turned to
the output circuitb. ' '

A shaft of the mechanically coupled rotor system 1s
provided wilth a knob and angular scales or dials gradu-
ated in half the actual angle of rotor rotatlion to correo-
spond to tho strain orientation on tho test specimen and
with a 45° fork to chock the angle between maximum and
zero strain.

Tho circult diagram for. a triple-sinomotecr type of
computor for the evaluation of delta strain-gago arrays is
gshown in figure 1. The threo stataor-input circuite and
the rotoer clrcuit are shown in bold lines, the accessory
circuite in finer lines. The indicator is a voltmetor of

the rectifier type. ) . : i

The accompanying photographs show the first two ox-
perimontal machines assembled: figure 2, tho unit con-
taining goarcd Autosyns; figures 3 and 4, the one contaln-
ing shaft-couplod Selsyn devicoes. The second unit, though
somowhat bulklior, was arranged for groator convenience of
mgnipulation.

OPERATION OF THE COMPUTER

The procedures for operating the machline for a 60°
delta set of three strain-gage readinge of, for example,
a = 14.0, b =11.3, ¢ = -7,5 X 10™* strsin units is as
follows: ’ B
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The selector switeh is turned to A, the A opotenti-
ometer is so adjusted that the indicator reads 14.0; the
selector switch i bturned to B, the B potentiometer 1is
so adJjusted that the indicator reads 11.3; the selector
switech 1e turned to €, the polarity sw1tch C 1s snapped
to minus, the C potentiometer is so ad justed that the 1n-

dilcator reads 7.5; the selector switch is now turned to § T
.and the rotor knob is rotated until the indlcator reads a

mgximum. This maximum is the shear-strein value, in tais
example 13,6 X 10~ % and the index on the dial scale now
reads the orientation of the principal axis, that ie, that
of maximum strain, against the A % in a conventionsal
sense (in the case of the example, ). The entiro oper- )
ation takes less than 30 ssconds, ) -

If groet accuracy in determining the orlontation of
the principal axes ig requirod, the dial may be turned to
zoro output, which should occur at an angle of 90°_o§_the o
rotors or 45° in the strain field from the maximum, This L
sctting can be readily checked with the ald of the ad- _
justable 45° dial fork. A pair of lamps is provided to
indicate polarity of the output and %o accontuate the zero
position. If all three input values are ad justed to be

.egqual, the lamps will flicker alternately %o indicate that

there is no solution for the angle. It would be entirely _ o
feasible to have the light circults actuate a psir of re- N .
lays that would control a servo motor whlech would auto- )
matically find the direction of the principal axis; but

thus far the additional time saving of about 5 seconds of-
fered Dby this automatization heg not seemsd to juatify

the exXtra apparatus. ) - B

If the phear component at some deflnite angle from
the. A gagoe line is desired, the knob is turned to theo
correesponding dial angle and the indicator 1s rosad with
the scloctor switch op S. The linear strain in this ai-
roction can be obtainocd by adding this roading, with dueo
rogard to polarity, to the average strain (a + b + c)/3

For the convenience of utilizing the indicator at a
fair part of its range, its .dial 1s provided with three
scales in the ratio $:1:2. Any one of these scales may
be used” For.each problem but should be kept consistent for
all input adjustments and for the output reading. The
scale giving the largest meter deflection affords the greabt-
est acturacy for the evaluation.

The maximum and minimum tensile strains =re rendlly
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found by adding and subtracting the shear amplitude 8§ +to
and from the average strein: €p = € + 8§ and e = . - §. )

The principal stresses 8p and 8q are detsrmined from .
the principal strains ¢p and ¢€g by introducing the elas-
tlc modulus E and Poisson's ratio ¥ 1in the equation

K E *
8, = ——— (€9x + B ) and 8, = —= (e + M )
j¢] 1 - Mz ( b ¢ a 1 - p® q fp

and the maximum shear stress in the squatlion

. 1 -B8
- L - - R LY
Tmax = 5 \®p q) 21+|.|. p ‘q> AT

whoro G = B/2(1+p) 4is the shear modulus, which is a known
matsrial constant.

BASIS OF THEORY

The theory of the instrument, as previously suggested,
is based on the fact that the linear strain in any direc- Y
tion defined by an snglse 8 from the axis of maximum
straln can be expressed by the relation

€g = € + 8 cos 280 (1)

where € 1is the average straln and & the amplitude,

which is half the difference between maximum and minimum
tensile strain and numerically equal to the maximum shear
strain. The gverage strain ¢ 1s lmmediately determined

as the arithmetical average of the three linear-strain
‘components €ar €po and € meapsured at three dirsctions o

60° from each other (or, for that matter, of any numder of
straln-gagoe roadings taken at regular subdivisions of—1809).

The values of the sghear-strain amplitude &8 and of the :
orientation angle 8 are detormined by the machino.

From the dcscripﬁion of tho construction, circult, ) . ;

*Tho principal stresscs themsclves can also be indicatod :
dirocctly by the machino.- For thie purpose, a separate i
circult and switch comprising a resistor adjusted to tho

valuc of Poisson's ratio can Bd providod.
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and operation of tho deltas triplet type of ingtrument, it
will Do ovident. that the voltage gonerated -in each of tho
throoc sinomotor rotors is oxpresscd by a time-phass voo-

tor proportional to €, cos ¥, € cOS (@ + 120), €, cos

(p - 120), rospoctively, if ¢ is tho incidontal anglo
at which tho magnotic axis ¢f tho A .rotor is set with
rospoct to 1ts stator-coll axis. If .tho various moasurod
lincar-strain valucs sro regularly spacod compononts built
of the torms dofinod by cquation (1), then

€, = € + 8 cos 26 -1
€, = € + 8 cos (2@ + 120) (2)
€ = € + 8 cos (26 - 120)

and the sum S of the volbtages gencrated by all rotors
in series, inasmuch as they are all in phass becausse theoy
are derived from the same primary alternating-current
sourcc, is the sum of the three linecs

€5 COS © = € cos @ + 8 cos @ cos 26 )
€, cos{@+l20) = € cos(p+120) A cos{p+120) cos(26+120) (3)
€, cos(p-120) =€ cos(p-120) + & cos{p-120) cos(26-120)
J
and may be ocxpressed as- -
S = ¢ coscp(? - %-—% + § cos ¢ COS ée(l + 2 cos® 120)

¢ sinq;(%wf——~%5/§> + 8 sin @ sin 20(2 sin® 120)

= 0 + % § (cos @ cos 26 + sin ¢ sin 26)

% 8§ cos (p - 395 ' ' . 1I (¢)

This oquation provos that, for o = 20, the value of S
becomes a maximum and that it varies as a coésine funetidn
of the departure of the phase angle from this principal
axis. The guantity 6 1s 3/2 that of the unknown strain
amplitude. This factor 3/2 is taken care of in the machine
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by a shunt connected when the selector switch 1e in the 8
position, so that the true value of- § can be read di-
rectly on the same scale of the indicator as the values
€1 €pr and-e to which the lnputs had besern adjusted.

The proof that a gimilar machine having four einome--
ters at 90° phase difference to represent a type rosette
guadruplet of gZages placed -at. 0°-45°-90°-135° from a
reforonco lino can be adduced in a similar mannser. Here
it is presumed that the four strain values really are
consistent with oo

=
€, =€+ 8§ cos 28 .

€,b=€ - & 8ln 28 . L .l

(5)
€& = € - 8 cos 26
.%;s_éfhﬁ sin ZQ_J;

When these values are set.inﬁo the computer, the sum
of the voltages generasted in the rotor clrcuit is

€, co8 .p = .¢ fos @+ § com P cos.ze'“

ey SIMLQ =:~¢ sin @+ 5 6in @ sin-26 |

;ec cos @ = —¢ cos ¢ + 8 cos @ cas 26 ? . o)
€ gin = € ;iy P + 8 gin @ sin 26

and may be expressed as

8

"

0 + 26 (cos ® cos 28 + sin @ sin 28)

26 cos {p - 28) - (7)

it

This ocquation also proves that, if @ = 26, 8§ ©be-
com2gs & maXlmum and for this angle indicates the principal
axes. The factor here is 2 rather than 3/2.

It may be noted-that four strain gages actually fur-
nigh a redundant set of data. If these data contain small
errors, they would not be consistent with the four equa~’
tions (5), which have three unknown quantities. In order
to be consistent with all four equations, dalterrating pairs
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of mutually ‘perpendicular strains would have to add up to
identical sums, namely,

et @

r

If they do not add up to identical sums, their crdds

-gumg may Glffer by a discrepancy e = €5 + €5 - € - €.

The machinse, if operated without regard for thisg dlscrep-
ancy, will Jield the same solution =& if each of the indi-
vidual strain values had been corrected by ocne-guarter of
the discrepancéy subtracted from the values for which the.
cross sum was long and added %o the values for which the
cross sum was short. This result is readily seen when
lg-geg ®, l@ sin o Fr;e cos ®, andn-nle sin ¢, respective-~
4 4 ' 4 " 4 . o .
ly, sre added to the four equations (6). The sum of the
corrections equals zero and the error is thus canceled,

i1f it is assumesd that all measurements are of equal accu-
racy. It may be noted that this adjustment 1s the same as
would result from a least-square adjustment of the four
readings. Some experimenters sometimes prefer the redun- '
dant quadruplet method to the determinate delta method o
because of the check of the accuracy of thoe moasuremants
afforded by the discrepancy e for individual gage sta-
tions of particular interost.

UTILITY OF THE COMPUTERS s -

The machines previously descrlbed have been extensive-
ly used in the evaluatioen of many hundreds of rosette
straln-gage measurements of new airplanes, both in static
proof tests and in flight (reference 12). The time saved
in comparison with earlier methods of evaluatlon not only
has been much appreciated in the regular routine of this

_work but also can be of decigive value when evaluatlions

of eritical stresses are to be made on the spot during sx-

.pensive structural tests and in work in which instanta-.

neous knowledge of the results nay prompt the ftest engi-
neer %o alter the test progran., L
The usefulness of the comnuter is not limited to the
probleom of compound axlal and shear stresses. There are
many other problems of & vectorial nature which can be
solved by this machine. One such- problem which has beon
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proposed by William Van Dyke is that of determining the
magnltude and oricntatlon of the plane of bending in a
tubular or strut member of cross scction cf circulqr gym-—
metry from three strain gages mounted at 120° spacing .
around its circumference, each with ite gage length paral-
~lel %o the axis. - The average strain here is the average
axial stralin; the strain amplitude ig the additlonal bend-
ing straln; the angular spacing relation between gage lo-
cation and phase value is here 1l:l, and not 1:2; Poisson'
ratio does not enter into this bending problem. .

The acouracy. of the machine results has been frequent-
ly verified by control calculations. The results thus far
encourage further attempts at electrification of stress-
‘nnalysls-problems in which the desired degree of accuracy
is readily attainable with electrical and electromsgnetilc
circuits. .

Engineering Research Department,
: Douglas Ailrcraft Company, Ine.,
Santa Monica, Calif.,
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Figurs 1.- Cirouit diagram for a triple-ginometer type of computer.
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Figure 2, - Delta strain compnter contaiming geared Antosyns.
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Figure 4. - View of delta strain computer showing

shaft-~coupled Selsyn devices.
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